We report on the electrical and interfacial properties of nonalloyed Ti/Au ohmic and Pt Schottky contacts on Zn-terminated n-ZnO (1:5 Â 10 17 cm À3 ). Nonalloyed Ti/Au and Pt contacts on the Zn-terminated ZnO respectively exhibit ohmic and Schottky behavior owing to different work functions and out-diffusion characteristics. The nonalloyed Ti/Au contact reveals very linear current-voltage behavior with a specific contact resistivity of 2:2 Â 10 À5 cm 2 . However, Pt contact shows Schottky behavior with Schottky barrier heights (SBHs) of 0.62 eV and 0.78 eV, obtained from current-voltage (I-V) and capacitance-voltage (C-V) measurements, respectively. Using Auger electron spectroscopy (AES), we correlated the electrical properties of the nonalloyed Ti/Au ohmic and Pt Schottky contacts with the properties of the interface between the metal and ZnO.
Introduction
In recent years, significant efforts have been devoted to the realization of ZnO-based optoelectronic and electronic devices, such as light emitting diodes (LEDs), laser diodes (LDs), UV photodetectors, and transparent thin film transistors (TFTs), [1] [2] [3] [4] [5] Recently, significant advances have been made with regard to the performance of ZnO-based optoelectronic devices and electronic technologies such as p-n homojunctions using excimer laser doping, heterojunctions using p-SrCu 2 O 2 , and NiO/ZnO photodetectors. [6] [7] [8] In addition, highly transparent ZnO-based TFTs involving the realization of invisible electronic circuits have been reported. 5) However, despite the progress in ZnO-based device technologies, some unresolved issues remain, such as difficulties in the growth of p-ZnO with stable electrical and optical properties and the formation of a high Schottky barrier height on ZnO. To realize ZnO-based optoelectronic and electronic devices, the fabrication of high quality Schottky contacts is imperative. Compared to that of an ohmic contact on ZnO, the formation of a Schottky contact on ZnO is complicated owing to the very high donor concentration in the surface region caused by native defects such as oxygen vacancies and zinc interstitials. 9 ) Sheng et al. 10) fabricated a Schottky diode using Ag on ð11 2 20Þ ZnO and reported an SBH of Ag (0.89 and 0.92 eV) with a leakage current of 0.1 nA at a 1 V reverse bias and an ideality factor of 1.33. This high ideality factor was attributed to an interfacial layer formed by an interfacial reaction between the metal and ZnO. In addition, Coppa et al. reported the formation of an Au Schottky contact on a ð000 1 1Þ surface after exposure to remote O 2 /He plasma for 30 min and showed $36 nA of leakage current at À4 V and an SBH of 0.67 eV.
11) Kim et al., investigating the sensitivity of a Pt/ZnO Schottky diode to hydrogen, recently reported the rectification of the current-voltage (I-V) characteristics of the Pt contacts. 12) More recently, we have reported the development of high quality Pt Schottky contacts on ZnO using an (NH 4 )S x solution-based treatment. 13) However, there has been no detailed investigation of the correlation between the electrical properties of metal contacts on Znterminated ZnO and interfacial properties.
In this paper, we report the fabrication of nonalloyed Ti/ Au ohmic and Pt Schottky contacts on (0001) Zn-terminated n-ZnO. An interfacial reaction between Ti atoms and outdiffused oxygen atoms from ZnO resulted in ohmic contacts. However, despite the metallic character of the Zn-terminated ZnO surface, the Pt contact on ZnO exhibits Schottky behavior with low SBHs of 0.62 eV and 0.78 eV, obtained from I-V and capacitance-voltage (C-V) measurements, respectively. On the basis of AES depth profile results, we suggest a possible mechanism to explain the different electrical behavior of nonalloyed Ti/Au and Pt contacts on ZnO.
Experimental
The wurtzite Zn-terminated (0001)ZnO substrate from Eagle Picher normally possesses n-type characteristics. Hall measurements showed that the free electron concentration was 2 Â 10 17 cm À3 , and the Hall mobility was on the order of 210 cm 2 V À1 s À1 at 300 K. The measured Schottky diode consisted of an array of 250-mm-diameter Schottky dots separated by 25 mm from the Ti/Au ohmic contact, as shown in Fig. 1 . 14) Prior to lithography, the ZnO substrate was ultrasonically degreased in acetone and methanol and rinsed in deionized water for 1 min in each step. A Ti (50 nm)/Au (100 nm) ohmic contact was formed by standard photolithography. After the fabrication of the nonalloyed Ti/Au ohmic contact, Pt Schottky contact dots with a diameter of 250 mm were formed at the center of the ohmic ring, as shown in Fig. 1 . Prior to Pt deposition, the ZnO surface was cleaned by the same wet-cleaning process as that employed for the Ti/Au contact. An electron-beam evaporation tool was used to deposit Pt (99.999% pure, supplied by Pure Tech, NY) at a thickness of 50 nm. The specific contact resistivity of the nonalloyed Ti/Au ohmic contact was determined using the circular-transmission line method (c-TLM), 15) which obviates the fabrication of mesa structures by an etching process. The circular pad was patterned using standard photolithography technique to measure specific contact resistivity using a circular-transmission line model. The inner dot radius was 105 mm, and the spacings between the inner and outer radii were 3, 4, 6, 12, 13, 16, and 21 mm. The measured total resistance R T between contacts for the circular model configuration can be expressed as
where R s is the sheet resistance of the materials, R 1 is the outer dot radius, L T is the transfer length, and d is the gap spacing between contacts. The total resistance (R T ) was measured for various spacings and plotted as a function of lnðR 1 =R 1 À dÞ. The least squares curve fitting method was used to obtain a straight line plot of R T vs lnðR 1 =R 1 À dÞ. Thus, the specific contact resistance can be calculated by
Schottky diode characteristics were measured using I-V and C-V techniques. C-V was measured using a Bio-Rad DL 4600 DLTS system with a 100 meV test signal at 1 MHz. To characterize the interfacial reaction between metal and Zn-terminated ZnO, AES (PHI 670 model) analysis with energy of 10 keV and electron beam current of 0.0236 mA was performed. In addition, transmission electron microscopy (TEM) examinations were carried out to investigate the interfacial properties of the nonalloyed Ti/Au contact on Zn-terminated ZnO.
Results and Discussion
Conventional C-V measurements were carried out to determine the depth distribution of donor dopants. Figure 2 shows the depth profile of the net donor concentration N D À N A along the growth direction, which was obtained from C-V measurements. As shown in Fig. 2 , the depletion region extends to the ZnO substrate as the reverse bias increases. The normal effective donor concentration (N D À N A ) is about 1:43 Â 10 17 cm À3 at the surface region of ZnO and abruptly decreases to 4:2 Â 10 15 cm À3 as the depletion region extends. The accumulation of carriers at the surface region indicates that shallow donors are produced by the formation of oxygen vacancies and/or zinc interstitials in the surface regions. This result is consistent with the existence of an electron accumulation layer, because the conduction electrons provide a higher degree of screening of the oscillating dipole of the phonon vibration for ZnO(0001) than for ZnO(000 1 1). I-V characteristics of the nonalloyed Ti/Au and Pt contacts on Zn-terminated ZnO are shown in Fig. 3 . To measure Pt Schottky characteristics, the nonalloyed Ti/Au contacts were used.
14) The nonalloyed Ti/Au contacts in Fig. 3(a) reveal very linear I-V behaviors with a specific contact resistivity of 2:2 Â 10 À5 cm 2 and no annealing process. Compared with the Ti/Au contact on O-terminated ZnO, the Ti/Au contact on Zn-terminated ZnO exhibits lower specific contact resistivity. This low resistivity for the nonalloyed Ti/Au contact indicates the possibility of fabricating nonalloyed ohmic contacts on n-ZnO. It is well known that chemical reactions between Ti and ZnO influence the electrical characteristics of contacts. Ti strongly reacts with chalcogenides in ZnO, leading to small n-type barriers.
17) The I-V result of the Pt contact on Zn-terminated ZnO is shown in Fig. 3(b) . The properties of Pt Schottky contact dots are uniform over the different diodes, although the diodes of the Pt contacts display a significantly larger leakage current than those of the Ag and Au contacts. 10, 11) The leakage current value at a voltage of À1:0 V is 9:5 Â 10 À5 A at room temperature. The barrier height and ideality factor of a metal semiconductor contact were determined using the thermionic emission theory given by 18 )
where I s is the saturation current R s , the series resistance k, the Boltzman constant T, the absolute temperature n, the ideality factor A, the area of devices A ÃÃ , the effective Richardson constant ($32 A cm À2 K À2 , m Ã $ 0:27m 0 ), and B0 , the zero-biased SBH. The Schottky contact area is 4:90 Â 10 À4 cm 2 . 18) Since there was almost no linear region in the I-V plot at forward bias, the barrier height was calculated by fitting the I-V curve. For thermionic emission and V ) 3kT=q, the general diode equation becomes
From fitting the forward I-V curve to the above equation (0:1 < V f < 0:25), the SBH and ideality factor were found to be 0.62 eV and 1.33, respectively. This fairly low SBH can be explained by the doping concentration dependences of SBH and the ideality factor.
19) C-V measurements were also carried out with a 100 meV test signal at 1 MHz, as shown in Fig. 4 . The C-V relationship for a schottky barrier is
where " is the permeability (for ZnO, " ¼ 8:0" 0 ). The measured 1=C 2 -V plot is shown in Fig. 4 . The barrier height b can be deduced from V bi and N d using
where N c is the conduction-band effective density of states in ZnO, and N d is the dopant concentration. From the plot of 1=C 2 vs V, qV bi and q b were found to be 0.86 and 0.78 eV, respectively. The SBH value obtained from the C-V analysis is higher than the value obtained from the I-V measurement. The difference in SBH value between I-V and C-V characteristics can be attributed to the interfacial layer (Ti 2 O, TiO) between the metal and ZnO. 14) To explain the different electrical characteristics of nonalloyed Ti/Au and Pt contacts on ZnO, AES spectroscopy was employed. Figure 5 shows AES depth profiles and results of spectral scans obtained from the nonalloyed Ti/Au contact. The results show that some of oxygen atoms outdiffuse from the ZnO into the Ti film. It is noteworthy that the dissociation of ZnO at the surface region is possible without annealing, owing to the much higher enthalpy of formation for TiO 2 (À944 kJ/mol) and TiO (À519 kJ/mol) than for ZnO (À350 kJ/mol), as shown in Fig. 5(a) .
14) The oxygen KLL peaks, as a function of sputtering time at the interface region in Fig. 5(b) , exhibit a kinetic energy shift toward lower energy with increased sputtering time, which is indicative of an interfacial reaction of oxygen with Ti. 20, 21) Although the surface consists of a hexagonal array of Zn 2þ ions, a subsurface layer of O À2 ions is partially exposed on the metal layer due to the small size of the Zn 2þ ions. 16, 22) Therefore, out-diffusion of oxygen atoms is possible due to the existence of the exposed O À2 subsurface. These results indicate that the very linear I-V characteristics of the nonalloyed Ti/Au contact can be attributed to the outdiffusion of oxygen atoms leaving oxygen vacancies in the region of the ZnO surface. Similar oxygen out-diffusion was observed in as-deposited Ti/Au contacts on O-terminated ZnO. 23) However, compared with the O-terminated ZnO film grown by sputtering, 14) the nonalloyed Ti/Au contact on Znterminated ZnO shows less oxygen out-diffusion. In order to investigate the presence of an interfacial layer in the ZnO surface region, we carried out an Auger spectra scan at the surface region of ZnO after sputtering for 12.5 min, as shown in Fig. 5(c) . The spectra exhibits Ti and O peaks, indicating the presence of a thin interfacial Ti-O layer. In spite of less oxygen out-diffusion, the Ti/Au contact on ZnO shows improved I-V characteristics owing to the metallic surface properties of Zn-terminated ZnO.
To investigate the interfacial structure of the nonalloyed Ti/Au contact on Zn-terminated ZnO in detail, TEM examination was carried out. Figure 6 shows a bright-field TEM image of the nonalloyed Ti/Au contact on ZnO. It is clearly shown that, in addition to the Ti and Au layers, a very thin interfacial layer exits between the Ti and ZnO. This thin layer is a Ti-O layer according to AES depth profiles. The existence of the interfacial layer confirms that the outdiffusion of oxygen from ZnO is possible without annealing owing to the high formation energy of Ti-O related phases. In addition, the nonalloyed Ti/Au contact exhibits reasonably smooth and planar interfaces. Figure 7 shows the AES depth profile obtained from the Pt contact on Zn-terminated ZnO. For the as-deposited sample in Fig. 7(a) , there is no obvious evidence of interdiffusion between the metal layers and the ZnO, except that some Zn out-diffused into the Pt layer. Compared with the AES depth profile of the nonalloyed Ti/Au contact in Fig. 5(a) , that of the Pt contact on ZnO exhibits less severe interfacial reactions. This is evident from the Auger spectral data in Fig. 7(b) . A large Pt Auger electron peak is detected from the region of the interface between Pt and ZnO with O and Zn peaks. Because the Zn-terminated ZnO surface consists of Zn 2þ ions, bonding between Pt and Zn is more favorable than Pt-O bonding. A fairly high leakage current resulted from the metallic surface properties of the Znterminated ZnO substrate. Akane et al., investigating a nonalloy In ohmic contact on a n-ZnO(0001) substrate, suggested that a n þ -Zn-rich layer on the surface of the ZnO substrate results in current conduction into the ZnO substrate. 24) Figure 8 shows the variation of Pt MNN and Zn LMM peaks as functions of sputtering time in the surface region between Pt and ZnO. For the Pt MNN peaks in Fig. 8(a) , the peak after 6.8 min of sputtering (interface region) shows a kinetic energy shift of 1 eV toward a higher energy compared to the peak after 0.5 min of sputtering (surface region: pure Pt peak). The Pt MNN peaks after 7 and 7.2 min of sputtering also show shift to higher energy indicative of interfacial reactions. 20, 21) In the case of Zn LMM peaks, the peak after 7.2 min of sputtering exhibits a larger energy shift than the peak obtained from bulk ZnO (after 10 min, 985 eV). The shifting of both Pt MNN and Zn LMM peaks at the interface region indicates an interfacial reaction between Pt and Zn atoms. However, the formation of this thin metallic interfacial layer (Pt-Zn) is disadvantageous for the Schottky contact because this layer can enhance carrier injection. Therefore, Schottky contact formation on ZnO is more favorable on oxygen-terminated ZnO than on Znterminated ZnO. A detailed comparison of the ZnO polarity effect on I-V characteristics is currently under way.
The interfacial reaction effect on the electrical properties of nonalloyed Ti/Au and Pt contacts on Zn-terminated ZnO can be explained as follows. The AES results of Ti/Au on ZnO showed that oxygen is out-diffused from the ZnO and participates in the formation of Ti-O at the interface. The formation of the interfacial Ti-O related compound causes an accumulation of oxygen vacancies near the ZnO surface. Since oxygen vacancies are reported to act as donors in ZnO, 25) this generates a heavily doped region near the ZnO surface. In other words, the contact consists of a Ti/TiO/ n þ -ZnO/n-ZnO structure. When FE dominates the current transport at room temperature, the specific contact resistivity, c , is given as
where " s is the semiconductor permittivity m Ã , the effective mass B , the barrier height and N d , the doping concentration. This equation shows that for field emission (FE) the specific contact resistivity is strongly dependent on the doping concentration. The ZnO sample used in our experiments has a carrier concentration of 1:5 Â 10 17 cm À3 . However, the specific contact resistivity of the nonalloyed Ti/Au ohmic contact is 2:2 Â 10 À5 cm 2 . This low specific contact resistivity indicates that FE is the dominant transport mechanism in a nonalloyed Ti/Au contact on Zn-terminated ZnO. 27) Compared with the AES depth profile of the Ti/Au contact, that of the Pt contact exhibits less severe interfacial reactions. In addition, the absence of oxygen out-diffusion indicates that the surface concentration below the Pt contact is lower than that below the Ti/Au contact. Therefore, the Schottky contact can be fabricated on a moderately doped ZnO. However, using this moderately doped ZnO can result in tunneling through the Schottky barrier and lead to a reduction of SBH. Furthermore, the formation of a metallic interface by Pt-Zn interfacial reactions may reduce the contact resistance and deteriorate the properties of the Pt Schottky contact.
Conclusions
The electrical and interfacial properties of nonalloyed Ti/ Au ohmic and Pt Schottky contacts on Zn-terminated ZnO were investigated by I-V, C-V, and AES depth profiles. The nonalloyed Ti/Au contact on ZnO shows very linear I-V characteristics with a specific contact resistivity of 2:2 Â 10 À5 cm 2 . However, the Pt contact on ZnO exhibits Schottky behavior with low SBHs of 0.62 and 0.78 eV, obtained from I-V and C-V measurements, respectively, even though the contact formed at the metallic ZnO surface. Deviation from the ideal Pt contact was observed in C-V properties with an anomalous large reverse leakage current owing to the thin metallic interface layer and high carrier concentration of the ZnO surface region.
